It was the purpose of the present investigation to inquire into the validity of these suggestions by conducting a comparative study of the cultural, physiological and serological properties of these gram-positive forms and the apparently related oxygen-tolerating lactobacilli. As the work progressed, an investigation was made also of the respiratory mechanisms of the different organisms, with a view to further establishing their interrelationships.
The members which consitute the group that is of special interest in this report can be defined best as gram-positive, non-sporulating, non-motile anaerobic rods of fecal origin, which do not form pigment. Their nutritional requirements indicate that they are extremely fastidious, and that they are markedly stimulated by the addition of carbon dioxide to oxygen-free atmosphere in which they must be grown. They never become aerobic or microaerophilic upon continued cultivation in laboratory media, as do strains of the apparently closely related Lactobacitlus bifidus type I, which are anaerobic on primary isolation, but become more tolerant to free oxygen on continued artificial cultivation.
The anaerobes employed in this study included a collection made up of strains received from Dr. Eggerth and Dr. Lewis, and from our own laboratory stock. In addition, numerous fresh isolations were obtained from the feces of 1 This paper covers in part the dissertation submitted to the Graduate School of Yale
In spite of the necessity of transferring the cultures in this medium every fortnight, it was more suitable for the given purpose than the brain and egg-meat media used by previous workers. The older media enabled the organisms to remain viable for longer periods of time, but they were difficult to prepare, were easily contaminated, and did not allow ready determination of bacterial growth.
Gram-staining was carried out on 24-48 hour cysteine-glucose agar stab cultures. The procedure was one used in the laboratory of the Baltimore City Hospital and introduced into this laboratory by Dr Mordant solution (Burke, 1922 Stain for one minute, apply mordant for one minute, decolorize with acetone and counterstain with one per cent aqueous safranin.
Preparations made according to this method were more satisfactory than those obtained by other procedures. Reactions were clear-cut and the older cultures retained their gram-staining character for longer periods of time than when other staining procedures were followed.
Oxygen and carbon dioxide relationships were determined by observing the development of the organisms under different atmospheric conditions, using the cysteine-glucoser medium and serum-agar plates. Anaerobic conditions were secured with the technique described by Weiss and Spaulding (1937) . The influence of carbon dioxide was determined by introduction of the gas into sealed cans containing the cultures.
For the sporutating tests 0.2 ml. of a 48-hour broth culture was added to five ml. of fresh broth, and the suspension heated at 100°C. for 10 minutes. This was followed by incubation at 3700. for a week under anaerobic conditions. Motility studies were made by the hanging drop method. The organisms were grown in cysteine-glucose broth, as in the sporulation tests, and examined over a period of five days.
Colonial morphology was studied at different stages of development on serumagar and on the cysteine-glucose agar. The serum-agar was the blood agar described in the isolation technique, supplemented with three per cent inactivated human serum. As the reaction of this medium was markedly altered by the addition of the serum, it was necessary to readjust it to pH 6.8 with sterile ten per cent NaOH. The colonies were examined macroscopically and under the low power objective.
Carbohydrate fermentation reactions were determined by the methods described by Eggerth and by Lewis and Rettger. These procedures appeared to check each other quite well, with only occasional minor differences. Bactopeptone was substituted for the Parke Davis peptone in the Eggerth medium.
The cysteine-glucose broth cultures used in the motility study were incubated further and tested with Kovac's reagent for the presence of indole. The addition of 0.05 per cent ferric ammonium citrate to the cysteine-glucose agar made this an excellent medium for hydrogen sulphide detection.
For determining the reactions in milk, skim milk containing bromeresolpurple as an indicator was employed.
Gelatin liquefaction tests were made in the media advocated by Eggerth and by Lewis and Rettger. There was a close agreement between the results obtained in the two media.
A study was made of the gram reaction and cellular and colonial morphology of over 100 recently isolated strains of the gram-positive non-sporulating anaerobes and forty stock cultures of known lactobacilli. All of the strains observed were non-motile. All revealed a wide range of pleomorphism, with changes in cultural environment and treatment generally. Rapid transfer invoked the most rapid changes in cell morphology; many bizarre forms were produced which were scarcely recognizable as bacteria. No attempt was made to describe the various forpns. On the other hand, the colonial shape and structure of the various organisms remained constant. The colonies of the oral lactobacilli, which are not reproduced here, resemble the anaerobic forms in that they have entire edges; but they could not be mistaken easily for the anaerobes, because they were much larger, more viscid, and as a rule more raised than the latter. Furthermore, the colonies of the anaerobic organisms were quite granular and could be moved about whole on the plate more readily than the others. Indeed, colonial morphology is one of the more important criteria in the differentiation of the anaerobic organisms from the known lactobacilli. Weiss and Rettger (1938) This part of the investigation was planned to inquire into the nature of the respiratory mechanism of the gram-positive non-sporulating anaerobic rods, and to compare this with the system possessed by the lactobacilli proper and anaerobic forms belonging to other groups. The systems investigated included the flavin or flavin-like compounds, cytochrome oxidase, peroxidase, catalase and the dehydrogenases. In a further attempt to uncover the processes involved in the oxidation-reduction reactions of the cells a study was made of the effect of certain cell poisons on the amount and distribution of growth in agar shake cultures.
The first part of this study was an attempt to extract fluorescent substances from washed suspensions of the cells. The procedure followed was that of Pett (1935) ; this consisted in extracting washed cells with different concentrations of alcohol, and with acetone The solvents were in turn extracted with chloroform, which removed most of the fluorescent material. Illumination of these chloroform extractions in visible light caused a breakdown of any riboflavin that was present to lumiflavin. The fluorescence of these substances could then be detected by examination of the solutions under a mercury vapor arc lamp or any other suitable source of ultra-violet rays. All of the forms studied, with the exception of the negative control organism, Proteus sp., revealed the presence of fluorescent substances. The organisms studied included, besides the nonsporulating anaerobes, oxygen-tolerating lactobacilli, clostridia and yeasts.
The fluorescence observed was not identical with that described by Pett or that seen in a stock solution of riboflavin used as a control. The extracted material was bluish, the control greenish. Numerous workers have attempted to explain such deviations from the conventional greenish fluorescence. The present material differed in some respects from the pigments previously described. The extreme dilution of our extracts may have influenced the type of fluorescence produced and the degree of degregation brought about by the extraction-illumination processes, thus altering the structure of the fluorescing material.
The search for the presence of cytochrome oxidase, heat-stable peroxidases and catalase in the different organisms resulted in negative findings, and hence is discussed only briefly here. The method employed for cytochrome oxidase and peroxidase was that described by Keilin (1928-29) , which depended upon the oxidation of paraphenylene-diamine-hydrochloride and resultant blue coloration. The catalase test was the simple gas evolution detection method employed as a qualitative test by various workers; three per cent hydrogen peroxide was flooded over young actively growing plate cultures. In the present study the medium employed was the inactivated serum-agar described earlier in this paper. Catalase could not be demonstrated in any of the gram-positive anaerobes, nor in any of the known lactobacilli tested. On the other hand, the corynebacteria studied produced a very active catalase.
Studies on the dehydrogenating enzymes of this group were carried out in a further attempt to secure data of taxonomic value. Carbohydrates were selected as substrates, as these organisms are primarily saccharolytic in nature. The method of determination was a modification of the classical anaerobic jar technique of Thunberg. This procedure was described by Casman and Rettger (1933 The results show a more or less definite relationship between the dehydrogenating activity of the various groups of gram-positive non-spore-producing rods studied, and indicate that, on the whole, similar reactions may be obtained for the various groups with the same substrates.
Since many of the chemical substances which modify cellular metabolism do so by interfering with the enzyme systems affecting cellular oxidations, a study was made of the effect of cell poisons on the growth of the cultures, with the hope of obtaining further information regarding the respiratory mechanism of these groups. Because potassium cyanide yielded the most fruitful results, work with this agent alone is presented here. Following the lead of Burnet (1927) and Braun and Guggenheim (1932) , experiments were carried out in which the amount and distribution of growth was observed in a basal medium to which varying concentrations of this cell poison had been added. The basal medium used in these experiments was the semi-solid glucosetryptone medium of Lewis, Bedell and Rettger described earlier in this report.2 Agar shake tubes containing the potassium cyanide in the desired concentra- tions were employed. The stratification described below occurred in tubes that were heavily seeded from tryptone broth cultures of the respective organism. The inoculum finally adopted was 0.1 ml. of a 24 to 48 hour culture. The final pH of the inoculated tubes was brought to pH 7.0-7.2.
Not only was inhibition of growth observed in the cyanide sensitive tubes, but also an uneven distribution of growth through the tubes, as is shown in table 3, with the aid of the accompanying schematic drawing ( fig. 1) The results obtained here support in a large measure those of Burnet (1927) and of Braun and Guggenheim (1932) .
The use of indole and phenol as possible cell poisons revealed that the grampositive intestinal anaerobes were as resistant to these agents as the known oxygen-tolerating intestinal lactobacilli.
SEROLOGICAL APPROACH
Agglutination, agglutinin absorption, precipitation and complement fixation tests were conducted on the non-sporulating gram-positive organisms under special study here and several well-known lactobacilli. Only the complement fixation method furnished information that could be of any value. Agglutination reactions showed such a high degree of strain specificity as to make the results worthless. The agglutinin absorption and precipitation methods were disappointing also; the former, because of our failure to develop agglutinating sera of very high titre, and the precipitin test because not sufficient antigen could be extracted from the cells to serve the purpose. On account of the more or less indifferent results obtained with these three methods, considerable attention was given to the fixation method.
Previous studies of complement fixing relationships of gram-positive rods have centered principally around the diphtheria and diphtheroid groups. Bluhdorn (1910) employed extracts of L. acidophilus and L. biffdus as antigens in complement fixation reactions. He was able to observe inter-relationships between different strains of these organisms, but was able also to demonstrate species differences. Jotten (1922) observed group specificity in some of the strains, and not in others. Kulp and Rettger (1924) conducted complement fixation studies on autolyzed cells of L. acidophilus, L. bifidus and L. bulgaricus. Reactions obtained with heterologous and homologous immune sera were sufficiently strong to relate these organisms all to one and the same serological group. Hunt and Rettger (1930) showed marked relationships among grain and soil lactobacilli by this procedure.
The bacterial antigens employed in the present study were freshly washed suspensions of cells made up to a turbidity of 2 on the McFarland nephelometer scale. The organisms were grown on serum agar plates (pH 6.6 to 6.8)1 incubated at 37°C. for 24 to 48 hours. The final saline suspensions were heated to 'When the medium was adjusted to a reaction above pH 6.8, the resultant antigen was found to possess a highly anti-complementary titer. Older cultures were useless for the same reason. In one instance an antigen prepared from an old (five days) culture showed anticomplementary activity in dilutions of 1:10,000,000.
60°C. for one hour. Since antigens which were kept longer than 24 hours, even in the refrigerator, developed anti-complementary activity, it was necessary to prepare fresh suspensions daily. The antigens so prepared were titrated for hemolytic and anti-complementary activity. The specific complementbinding power of several representative preparations of these antigens for homologous antisera lay in the neighborhood of 1: 12,000 (as compared to anti-complementary (non-specific) titers in the same preparation of only 1:50 and 1:125). For this reason it was not deemed necessary to check the titer in all preparations. For the test dose of antigen one-third of the lowest dilution of reagent revealing anticomplementary activity was adopted. This was usually around 1:150 to 1:400.
The antisera employed were prepared in the usual manner. They were inactivated at 55°C. for thirty minutes, and preserved in the lyophilized state, in order to prevent objectionable increase in anticomplementary activity.
The hemolysin against sheep's red cells was developed in rabbits by the usual procedure. The complement was secured by cardiac puncture of two or more male guinea pigs. The red cells were prepared in 5 per cent suspension and mixed with the complement immediately before use, to make a final concentration of 2.5 per cent centrifuged cells and two units of amboceptor.
An attempt was made to determine the relationship of the various anaerobic strains, first to each other, second to the facultative intestinal lactobacilli, third to the oral and other lactobacilli, and finally to organisms outside of the lactobacillus genus. The data on the gram-positive non-spore formers are summarized in table 4.
Tests made on members of the subtilis group, several coccus forms, Escherichia coli, Salmonella pullorum, Proteus vulgaris and several Bacteroides (gramnegative) organisms gave negative fixation reactions. Corynebacterium diphtheriae, on the other hand, was definitely positive to the test.
The data presented in table 4 indicate the existence of a more or less definite relationship between the different species or groups of gram-positive, non-sporulating bacteria of various origin; also that the strains of the anaerobic division are more closely related to each other than they are to the other lactobacilli studied.
SKIN SENSITIVITY TESTS
Further study led to an inquiry into the specificity of local skin reactions which were observed earlier in sensitized rabbits that had been injected locally with antigenic cellular preparations from homologous cultures.
Bacterial cells were employed in both the sensitization and reacting doses, since previous experiments had shown that extracts of the cells were nonantigenic. Over 350 tests were conducted on 30 different rabbits. The sensitizing doses were as a rule a series of two or three graded (0.5 to 1.0 ml.) suspensions of the test organisms having a density of 2.0 in the McFarland nephelometer scale. The injections were made in the marginal ear vein; they were timed with reference to the skin tests, which followed after a week to ten days after the last injection. The antigens were as a rule suspensions of live cells harvested from 24-28 hour growths on serum agar plates. The few experiments conducted with heat-killed antigens showed that the heating did not render the cells visibly less antigenic. All shocking injections were made intradermally with 0.25 ml. of live cell suspensions having a density of 2.00. Control tests were conducted with sterile broth, milk, human serum and saline solution.
The lesions produced as a result of the intradermal injection of the antigen following the sensitizing doses appeared within three days. Pseudo-reactions which disappeared soon were frequently observed at the end of twenty-four hours. These reactions were non-specific and were believed to be due to the irritant action of the mass of cells present in the shocking dose. A typical positive reaction may be described as follows. The bleb produced by the intradermal injection of the antigen disappeared in a short time, and no change could be noted at the site of injection for 18-20 hours. Soon after this the skin This reaction was typical for all homologous strains employed. There was a definite grading in severity among reactions produced by heterologous strains in both homologous and heterologous groups. However, the intergroup separations were much more marked than the intragroup alignments. The group relationship is indicated in table 5.
DISCUSSION AND SUMMARY
The present investigation has served to further establish two facts which are of paramount importance; first, that the gram-positive non-sporulating anaerobic bacteria of intestinal origin, which were the chief object of study here, hold no legitimate place among the gram-negative non-spore-producing anaerobes of similar host origin, the so-called "bacteroides" group, and second that they constitute a homogeneous group of their own.
The gram-staining properties, cell morphology, and cultural and physiological characteristics link these anaerobic organisms definitely with the lactobacilli in general, particularly the intestinal forms, Lactobacillus acidophilus and L. bifidus. The presence of certain respiratory enzymatic agents (flavin or flavin-like substances and dehydrogenases) and the absence of others, namely catalase, cytochrome, oxidase and peroxidase also reveal a close relationship.
Potassium cyanide exerted a poisoning influence on all of the species or subgroups studied, but the action was much more pronounced in the cultures of the anaerobes than in those of the facultative aerobes.
Resistance to the action of indole and phenol was decidedly greater among the anaerobes in question and in the related intestinal organisms than in the lactobacilli of non-intestinal origin.
Colony size and morphology served, on the whole, to separate the different subgroups from each other, but they can not always be employed as important classification criteria, even though the colonial characteristics of the different species were reasonably constant.
The serological approach to the differentiation problem offered little of real value. Complement fixation tests pointed to definite heterogeneity among the different groups, but this was limited and served only in a broad way to separate the gram-positive intestinal anaerobic forms from the facultative aerobes in the group at large, and from true intestinal bacteroides.
The skin test (Arthus phenomenon) was in fair agreement with the complement fixation test; it has some merit in separating the intestinal gram-positive anaerobes from the facultative groups of various origin. Proper controls and exact titration of reagents are highly essential in the conduct of this test.
Pathogenicity tests on mice and rabbits gave negative results, except in rabbits that were injected with oral lactobacilli; these cultures caused marked local skin lesions.
Relation of free oxygen to the growth of members of the Lactobacillus genus under present study constitutes the only criterion of far-reaching importance in the separation of the organisms in the group as a whole into component parts or subgroups, particularly when it is supplemented by knowledge of the origin of the organisms under observation.
Inquiry into the relationship of the strictly anaerobic forms with Eggerth's Bacteroides bifidus (Group 2) and Orla-Jensen's Bacterium bifidum has forced upon us the conclusion that these two organisms and the gram-positive anaerobic rod forms receiving special attention here are so intimately related to each other that they should be regarded as one and the same species, and that the name suggested by Weiss and Rettger (1938) for intestinal anaerobic gram-positive non-sporulating rods, namely Lactobacillus bifidus type II, be applied to the group.
Note: During the course of catalase study two strains of the intestinal gram-positive non-sporulating anaerobes gave positive tests for this enzyme. These strains were set apart for future investigation. Quite recently they were found by Dr. H. Albert Barker, visiting fellow in our laboratory, to produce large quantities of volatile acids, chiefly propionic, in appropriate carbohydrate media. This observation and the demonstration by us of catalase activity suggest a close relationship of these organisms with the propionic acid bacteria, rather than the lactobacilli. This question awaits further study.
